Abstract. Marker placement can be a significant source of error in biomechanical studies of human movement. The toe marker placement error is amplified by footwear since the toe marker placement on the shoe only relies on an approximation of underlying anatomical landmarks. Three total knee replacement subjects were recruited and three self-speed gait trials per subject were collected. The height variation between toe and heel markers of four types of footwear was evaluated from the results of joint kinematics and muscle forces using OpenSim. The reference condition was considered as the same vertical height of toe and heel markers. The results showed that the residual variances for joint kinematics had an approximately linear relationship with toe marker placement error for lower limb joints. Ankle dorsiflexion/plantarflexion is most sensitive to toe marker placement error. The influence of toe marker placement error is generally larger for hip flexion/extension and rotation than hip abduction/adduction and knee flexion/extension. The muscle forces responded to the residual variance of joint kinematics to various degrees based on the muscle function for specific joint kinematics. This study demonstrates the importance of evaluating marker error for joint kinematics and muscle forces when explaining relative clinical gait analysis and treatment intervention.
Introduction
The fundamental role of human movement analysis is to better understand the physiopathology of musculoskeletal system. Stereophotogrammetry is usually recruited to undertake this task of collecting raw data for this analysis. However, some errors exist when using stereophotogrammetry, at least in three aspects: (1) the instrumental errors associated with stereophotogrammetric system; (2) marker movement caused by the skin deformation and displacement; and (3) the misplacement of anatomical landmark [1] [2] [3] . Evaluation and estimation of these errors are crucial for assessing the precision and reliability of human movement analysis and prevent to misexplain the relative results, such as joint kinetics and kinematics.
Gait analysis is widely used to investigate normal and pathological gait to describe how human walks, and has significant clinical value to define treatment programs for abnormal gait [4] . The most commonly applied method of gait analysis is performed by tracking clusters of reflective markers placed on the skin to identify various anatomical landmarks. These markers are used to reconstruct body segments and to define orientations of segments in space and time. However, marker placement error exists and causes up to about 75% failures of kinematic parameters during the period of marker capture [5] . Previous research focused on marker placement error for different cases. Szczerbik and Kalinowska found that lower limb joint kinematics were significantly altered when knee marker position was changed in a systematic way [6] . O'Connor et al. indicated that marker placement had a significant effect on measuring the range of motion of spinal flexion/extension and lateral sidebending [7] . France and Nester suggested that the quadriceps angle was sensitive to the error of identifying anatomical landmarks and the center of the patella [8] .
In practice, it is very common that foot markers are placed on footwear instead of underlying anatomical landmarks during gait. The marker placement error is amplified in this situation because the toe marker position only relies on the best approximation as shown in Figure 1 . Since joint kinematics were effected by marker placement and play a great role in the prediction of muscle forces using marker-driven musculoskeletal models [9] . It is important to know how much marker placement error affects estimation of joint kinematics and predicted muscle forces when evaluating individual muscle functionality and treatment intervention. Therefore, the purpose of this study was to evaluate the effect of toe marker placement in the vertical direction on lower limb joint kinematics and muscle forces during gait.
Methods

Experiment data
Three total knee replacement males (age 81േ2 years, height 173േ6 cm, and mass 70േ4 kg) were the subjects for this study. The subjects were asked to walk at a self-speed pace and were give a pair of flat bottom sneaker. For each subject, three normal gait trials were collected, which included markerbased video motion and ground reaction data [10] . The marker trajectory followed a modified Cleveland clinic marker set. The toe and heel markers were put at the same height on the sneaker, like the standard barefoot gait marker set requested and considered as the reference condition in this study. Marker motion was measured using a 10-camera motion capture system (Motion Analysis Corp., Santa Rosa, CA) and Ground reaction forces was measured using three force plates (AMTI Corp., Watertown, MA).
In order to evaluate practical toe marker placement error in the vertical direction, four types of footwear, including work shoe, sport shoe, leather shoe and walking shoe, were chosen to determine a common range of height difference between heel and toe markers. The heel and toe markers were carefully put on the best approximation of the posterior calcaneus and center of the foot between the 2nd and 3rd metatarsals on the surface of each shoe. The height difference (h) between the heel and toe markers in the sagittal plane was measured using a 3D motion analysis system (NaturalPoint Inc., Corvalis, OR) calibrated with sub-millimeter accuracy (<0.5 mm residual error). The different h values were 5.5 cm for work shoe, 3.0 cm for sport shoe, 1.5 cm for leather shoe and 1.0 cm for walking shoe, respectively. 
Gait
An
a point of point for arflexion, oe marker ces when the ankle dorsiflexion/plantarflexion was significantly different when comparing h=5.5 cm (NRMSE=42.9%), h=3.0 cm (NRMSE=25.1%) and h=1.5 cm (NRMSE=10.5%) with h=0 cm. The hip and knee joint kinematics were not significantly influenced by toe marker placement error except for hip flexion/extension when h=5.5 cm (NRMSE=13.5%). Five of sixteen muscle forces were different when comparing h=5.5 cm with h=0 cm. These muscles were iliacus (NRMSE=16.2%), psoas (NRMSE=16.8%), rectus femoris (NRMSE=12.7%), soleus (NRMSE=12.4%), and tibialis posterior (NRMSE=17.8%).
The results showed clearly that toe marker placement error affected hip, knee and ankle joint kinematics using OpenSim simulation. Although the hip and knee joint kinematics were mainly determined by the markers located on the thigh and shank, other markers and the weighting of markers still played a function in these joints since all joint kinematics were determined together and have interaction in OpenSim. Therefore, theoretically, toe marker placement error affected all the joint kinematics though the magnitudes varied significantly by joints. The residual variances for joint kinematics had an approximately linear relationship with toe marker placement error for lower limb joints, which was shown in Figure 3 . The ankle joint kinematics were more sensitive to the toe marker placement error as expected since toe marker directly involved to determine the ankle joint motion in the sagittal plane. The residual variance was relatively larger for hip flexion/extension and rotation than hip abduction/adduction and knee flexion/extension. That may explain by the relative large motion range for hip joint motion in the sagittal and transverse planes than the frontal plane. But the phenomenon of small knee flexion/extension was still unclear. 
